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INTRODUCTION Metallopolymers,
1-10 which combine the processability of macromolecules and the properties of transition metals, are an intriguing class of functional materials. As a result of these combined traits, metallopolymers have been used extensively, for example, as redox-active, [11] [12] [13] [14] [15] [16] magnetic, [17] [18] [19] [20] [21] [22] and luminescent materials.
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The introduction of metals into π-conjugated polymer frameworks affords the ability to further expand their functionality. [28] [29] [30] [31] [32] [33] [34] One of the most well-studied classes of π-conjugated metallopolymers are metal-polyynes. 30, [35] [36] [37] [38] Wong and co-workers have previously described platinum-based systems (e.g., 1) with π-conjugation along the polymer backbone and demonstrated their utility in photovoltaic devices 37 and as pre-ceramic materials. [38] [39] [40] Another widely explored family of polymers based on π-conjugated units contain porphyrins and phthalocyanine complexes. [41] [42] [43] [44] [45] For example, Paik and co-workers realized a Cu(II)-containing phthalocyanine polymer (2) via intramolecular macrocyclization reactions in order to create single chain nanoparticles. 45 π-Conjugated metallopolymers composed of Schiff bases coordinated to transition metals have also shown widespread utility. 28, [46] [47] [48] [49] [50] [51] [52] [53] Notably, Swager and colleagues have reported polymers based on salen ligands coordinated to cobalt (e.g., 3) and demonstrated their utility as nitric oxide sensors. [48] [49] Most metallopolymers contain one metal atom in their repeating unit, which can limit their utility in some applications, including as pre-ceramic materials. The introduction of additional transition metal atoms to polymer scaffolds can afford highly metallized polymers. 38, [54] [55] [56] [57] [58] One such example was synthesized by Manners and co-workers, where molybdenum cyclopentadienyl (Cp) carbonyl was used to append two MoCp(CO)2 groups to each repeating unit of the backbone of a polyferrocenylsilane (4) to produce metallopolymers with utility in UV-photolithography applications. 54 Herein, we build on our previously communicated results 59 by presenting an expansion of a series of -conjugated polymers containing Ni(II) complexes of Goedken's macrocycle and their comprehensive characterization, including comparison to model compounds. These copolymers have been specifically NMR Spectra were recorded on a 600 MHz ( 1 H: 599.3 MHz, 13 C: 150.7 MHz) Varian INOVA instrument or a 400 MHz ( 1 H 400.1 MHz, 13 C: 100.6 MHz) Varian Mercury instrument. 1 H NMR spectra were referenced to residual CHCl3 (7.27 ppm) and 13 C NMR spectra were referenced to CDCl3 (77.0 ppm). Mass spectrometry data were recorded in positive-ion mode with a Bruker microTOF II instrument using electrospray ionization. UV-vis absorption spectra were recorded in CH2Cl2 solutions using a Cary 300 Scan instrument. Four separate concentrations were run for each sample and molar extinction coefficients were determined from the slope of a plot of absorbance against concentration. FT-IR spectra were recorded on a PerkinElmer Spectrum Two instrument using an attenuated total reflectance accessory. Powder XRD diffractograms were acquired using an Inel CPS powder diffractometer with an Inel XRG 3000 generator and Inel CPS 120 detector using a CuKα radiation source.
Microwave Reactions
Microwave reactions were carried out in a 400 W Biotage Initiator 2.0 microwave reactor. A 5 mL glass vial was charged with the relevant solid or degassed liquid reagents/solvents, sealed in an inert atmosphere glove box, and subjected to microwave irradiation as described below.
Gel Permeation Chromatography (GPC)
GPC experiments were conducted in chromatography-grade THF at concentrations of 5 mg mL −1 using a Viscotek GPCmax VE 2001 GPC instrument equipped with an Agilent PolyPore guard column (PL1113-1500) and two sequential Agilent PolyPore GPC columns packed with porous poly(styrene-codivinylbenzene) particles (MW range: 200-2,000,000 g mol −1 ;
PL1113-6500) regulated at a temperature of 30 C. Signal responses were measured using a Viscotek VE 3580 RI detector, and molecular weights were determined by comparison of the maximum RI response with a calibration curve (10 points, 1,500-786,000 g mol −1 ) established using monodisperse polystyrene standards purchased from Viscotek.
Thermal Analysis and Pyrolysis Studies
Thermal degradation studies were performed using a TA Instruments Q50 TGA. Samples were placed in an alumina cup and heated at a rate of 10 °C min -1 from 25 to 800/1000 °C under a flow of nitrogen (60 mL min -1 ). Differential scanning calorimetry (DSC) traces were acquired on a TA Instruments DSC Q20 instrument. The polymer samples were placed in an aluminum Tzero pan and heated from room temperature to 150/250 °C at 10 °C min -1 under a flow of nitrogen (50 mL min -1 ) and cooled down to 0/−50 °C at 10 °C min -1 , before they underwent two more heating/cooling cycles.
Thin films of 6F and 6F-[Co2(CO)6]2 were prepared by dropcasting 250 L of a 20 mg mL -1 solution of each polymer in chlorobenzene onto a silicon wafer (area = 1 cm 2 ). The samples were dried in air, transferred to a vacuum oven, and further dried at 60 C for 16 h before they were heated at a rate of 10 C min -1 to a temperature of 800 C under a gentle flow of N2/H2 (95:5) in a quartz tube within a Lindberg Blue M tube furnace. The temperature was maintained at 800 °C for an additional 3 h before the furnace was cooled to room temperature at a rate of 10 C min -1 . The samples were analyzed directly using scanning electron microscopy (SEM) at 1 keV beam energy and elemental analysis was performed at 10 keV beam energy on a LEO (Zeiss) 1540XB with an equipped Oxford X-sight X-ray detector and INCA analysis software at the Western Nanofabrication Facility.
Electrochemical Methods
Cyclic voltammetry experiments were performed with a Bioanalytical Systems Inc. (BASi) Epsilon potentiostat and analyzed using BASi Epsilon software. Typical electrochemical cells consisted of a three-electrode setup including a glassy carbon working electrode, platinum wire counter electrode, and silver wire pseudo reference electrode. Experiments were run at a scan rate of 100 mV s −1 in dry and degassed CH2Cl2 solutions of the analyte (~1 mM) and electrolyte (0.1 M [nBu4N][PF6]). Cyclic voltammograms were internally referenced against the ferrocene/ferrocenium redox couple (~1 mM internal standard) and corrected for internal cell resistance using the BASi Epsilon software.
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General synthetic procedure for copolymers 6F, 6T, and 6B Compound 5 (0.10 g, 0.15 mmol), dibromoaryl monomer (0.15 mmol), Pd(PPh3)4 (0.004 g, 0.004 mmol, 10%) and CuI (0.002 g, 0.008 mmol, 5%) were combined in a microwave vial. The solvent mixture, 3 mL DMF/DIPA/H2O (2:1:0.03), was degassed by three freeze-pump-thaw cycles, brought into a glove box and added to the solids. The reaction vessel was sealed before it was heated to 100 °C for 60 min in a microwave reactor. The resulting dark green solution was diluted with CH2Cl2 (20 mL), filtered and column chromatography was performed (CH2Cl2, 20 mL silica gel). The solvent was then removed and the resulting residue was dried overnight under vacuum. The solid was dissolved in ca. 2 mL CH2Cl2 and precipitated into diethyl ether (3 × 100 mL) and pentane (2 × 50 mL), dried, dissolved in THF (ca. 5 mL) and precipitated into methanol (2 × 50 mL). The resulting dark green polymers were isolated by centrifugation and dried overnight under vacuum. 
Copolymer 6T

Synthesis of complex 8
A Schlenk flask equipped with a stir bar was charged with complex
19 mmol) and dry toluene (100 mL) in a glove box. Upon removal, dry and degassed triethylamine (4.67 mL, 33.5 mmol) was added and the vessel was fitted with a condenser and heated to 125 °C. After stirring for 16 h, the mixture was cooled to room temperature and filtered in vacuo. The solvent was then removed. Column chromatography (CH2Cl2/Hexanes, 2:1, 100 mL silica gel) was performed to yield complex 8 as a dark green solid. Yield = 0.57 g, 23% yield (and 9; 1.26 g, 38%. The characterization data for complex 9 were reported elsewhere). 
Synthesis of model compound 11
Compound 10 (0.11 g, 0.21 mmol), 2,7-dibromo-9,9-dihexylfluorene (0.05 g, 0.10 mmol), Pd(PPh3)4 (0.006 g, 0.005 mmol) and CuI (2.0 g, 0.011 mmol) were combined in a 5 mL microwave vial. The solvent mixture, 3 mL DMF/DIPA/H2O (2:1:0.03) was degassed by 3 freeze-pump-thaw cycles, brought into a glove box and added to the solid. The microwave vial was sealed and then heated at 100 °C for 45 min in a microwave reactor. Upon cooling, CH2Cl2 (10 mL) was added to the dark green solution and the entire mixture washed with H2O (6 × 100 mL), dried with MgSO4 and concentrated in vacuo. The resulting dark green residue was purified using a column chromatography (CH2Cl2, 25 mL silica gel) to afford 11 as a dark green microcrystalline solid after solvent removal in vacuo. Yield = 0.12 g, 83%. 1 
RESULTS AND DISCUSSION
Copolymer Synthesis
Polymers (6F, 6T, and 6B) containing 9,9-dihexylfluorene (F), 3-hexylthiophene (T), or 2,5-bis(hexyloxy)benzene (B) and a Ni(II) complex of Goedken's macrocycle (5) were synthesized using previously optimized polymerization conditions (Scheme 1). 59 These comonomers were chosen for polymerization due to their π-conjugated nature and ability to potentially solubilize the rigid, π-conjugated backbones of the targeted copolymers (Scheme 1). The monomers were combined in equimolar quantities and dissolved in a dimethylformamide (DMF), diisopropylamine (DIPA), and water mixture (2:1:0.03).
Sonogashira cross-coupling polymerization was performed using a catalytic amount of tetrakis(triphenylphosphine) palladium (2.5%) and copper iodide (5.0%) submitted to microwave irradiation for 60 min at 100 °C. Purification of the polymers involved column chromatography to remove catalyst, removal of the majority of DMF and DIPA in vacuo and precipitation in diethyl ether from CH2Cl2, in pentane from CH2Cl2 (2 × 50 mL), and in MeOH (2 × 50 mL) from THF, in order to remove shorter molecular weight oligomers as well as residual DIPA and DMF. The isolated yields for copolymers 6F, 6T, and 6B were 59, 60, and 57% respectively, and a summary of the molecular weight data acquired by gel permeation chromatography (GPC) can be found in Table 1 . The relatively low molecular weights and broad molecular weight distributions observed are consistent with the stepgrowth polymerization method employed. Additional details, SCHEME 1 Synthesis of copolymers 6F, 6B, and 6T.
including thermal analysis and spectroscopic data are discussed below (Figures S1, S2) .
Model Compound Synthesis
In order to gain further insight into the spectroscopic properties of the copolymers, specifically 6F, model compounds 11 and 12 were prepared via similar Sonogashira cross-coupling reactions (Scheme 2). The first model compound consisted of two Ni(II) complexes of Goedken's macrocycles bridged by a 9,9-dihexylfluorene molecule (11) . The second model compound consisted of two 9,9-dihexylfluorene molecules bridged by a single Ni(II) complex of Goedken's macrocycle (12) . To synthesize compound 11, access to a Ni(II) complex of Goedken's macrocycle substituted with a single alkyne functionality was required. Thus, a mixture of 4-[(trimethylsilyl)ethynyl]-benzoyl chloride and compound 7 was heated to reflux in the presence of triethylamine (Scheme 2). This reaction afforded a mixture of mono-(8) and disubstituted (9) macrocycles which could be separated using column chromatography, in 23 and 38% yield, respectively. The identity of complex 8 was confirmed by NMR spectroscopy (Figures S3, S4) . Removal of the TMS group from compounds 8 and 9 was achieved using potassium carbonate to afford compounds 10 and 5 in 81 and 90% yield, respectively ( Figures S5, S6 ).
Microwave irradiation of a mixture of two equiv. of 10 with one equiv. of 2,7-dibromo-9,9-dihexylfluorene for 30 min at 100 °C in the presence of Pd(PPh3)4 and CuI dissolved in DMF/DIPA/H2O (2:1:0.03) produced compound 11 in 83% yield after purification by column chromatography (Figures S7,  S8 ).
UV-vis Absorption Spectroscopy
The UV-vis absorption spectra of polymers 6F, 6T, and 6B are presented in Figure 1a and the spectral features summarized in Table 2 . The spectra of polymers 6T and 6B showed absorption maxima at 272 nm (6T, ε = 45,900 and 6B, ε = 44,100 M −1 cm −1 ), 387 nm (6T, ε = 74,300 and 6B, ε = 57,400 M −1 cm −1 ) and similar low-energy absorption maxima at ca. 590 nm cm −1 ), and 588 nm (6,000 M −1 cm −1 ). The low energy absorption has been previously assigned in molecular analogues to a charge transfer from the highest ligand occupied molecular orbital of the macrocyclic backbone to the lowest empty d orbital of Ni(II). 66 It was observed that the absorption at ca. 590 nm remains essentially unchanged in the copolymers due to the lack of long range electronic delocalization via the orthogonal arrangement of the Ni(II) macrocycle units and the organic spacers, as previously inferred by the solid-state 6 structure of 5. 59 The high-energy absorptions at ca. 272 nm is thought to be a π → π* transition associated with Goedken's macrocycle, while the transition at ca. 387 nm appears to originate primarily from a macrocycle centered π → π* transition associated with the π-conjugated organic spacer in each structure. The π → π*2 transition of copolymer 6F is blueshifted by ca. 10 nm compared to these of copolymers 6T and 6B. This trend is consistent with that observed for the wavelengths of maximum absorption of poly(9,9-dihexylfluorene) and poly(3-hexylthiophene) and may relate to the antiaromatic nature of the 9,9-dihexylfluorene spacer. [67] [68] In order to further understand the absorption properties of the copolymers, the absorption behavior of model complexes 11 and 12 were examined. Model compound 11, which contains two Ni(II) complexes bridged by a 9,9-dihexylfluorene, shows absorption maxima at 584, 387, and 273 nm (Figure 1b) . Model compound 12, which contains two fluorene molecules and one Ni(II) complex, shows absorbance maxima at 587, 349, and 283 nm. The intermediate absorption maxima at 349 nm was blue-shifted with respect to 6F and 11, which both had maximum absorptions at 387 nm. This is thought to be due to the presence of a shorter conjugated π-system [CO-Ph-alkyne-(9,9-dihexylfluorene)] within the backbone in compound 12, compared to the relatively large CO-Ph-alkyne-(9,9-dihexylfluorene)-alkyne-Ph-CO system present in model compound 11 and copolymer 6F. The increase in π-conjugation accounts for ten additional π-electrons and results in a red-shift in λmax of 38 nm. The Ni(II) based absorption at ca. 590 nm for 11, 12, and 6F were unchanged regardless of the degree of π-conjugation within the organic spacer (Table 2) .
Cyclic Voltammetry
The electrochemical properties of polymers 6F, 6T, and 6B are summarized in Table 3 . Cyclic voltammetry studies of the copolymers revealed two reversible one-electron oxidation events at E°ox1 = 0.24 and E°ox2 = 0.74 V for 6F, E°ox1 = 0.23 and E°ox2 = 0.74 V for 6T, and E°ox1 = 0.25 and E°ox2 = 0.75 V for 6B in CH2Cl2, relative to the ferrocene/ferrocenium redox couple (Figure 2 ). Model compound 12 also produced two reversible one-electron oxidation waves at E°ox1 = 0.25 and E°ox2 = 0.76 V ( Figure S9 ). The electrochemical behavior of model compound 11 was considerably more complicated, although similar to other unsubstituted Ni(II) complexes of Goedken's macrocycle ( Figure S10 ). 66 Compound 11 gave rise to three irreversible oxidation waves at Epa(1) = 0.16 V, Epa(2) = 0.92 V, and Epa(3) = 1.11 V and a single irreversible reduction wave Epc(1) = 0.74 V. The irreversible oxidation at 1.11 V has been reported to arise due to the oxidation of a dimer formed via radical coupling of two equivalents of the radical cation form of similar Ni(II) complexes of Goedken's macrocycle. 69 Furthermore, Ni(II) complexes of Goedken's macrocycle have been shown to form polymeric species on electrode surfaces. 70 Upon cycling repeatedly between 0.0 and 1.3 V, film formation was observed in the case of 11, but there was a lack of current enhancement typically associated with electropolymerization ( Figure S11 ). 28 Rather, we presume that a variety of oligomeric species are generated upon oxidation, leading to similar oxidation events (E = 0.6−0.9 V) and electrode plating being observed. 71
Post-Polymerization Functionalization
In order to produce a heterobimetallic copolymer, 6F was dissolved in CH2Cl2 and reacted with 2.5 equiv. of Co2(CO)8. The resulting copolymer was purified using flash column chromatography on alumina and repeated precipitations from CH2Cl2 into pentane, to afford 6F-[Co2(CO)6]2 in 95% yield (Scheme 3). GPC analysis of 6F-[Co2(CO)6]2 yielded Mn = 7,700 g mol −1 , Mw = 10,900 g mol −1 , and Ð = 1.41. The overall distribution and shape of the GPC traces are conserved when compared to the original polymer 6F (Figure S12 ), which suggests the integrity of the polymer backbone was maintained after the introduction of the cobalt carbonyl clusters.
UV-vis absorption spectroscopy confirmed the preservation of the absorption maxima at 587, 385, and 270 nm when compared to the parent polymer 6F (Figure S13 
Thermal Analysis
Thermal gravimetric analysis (TGA) of copolymers 6F, 6T, and 6B demonstrated their thermal stability up to temperatures (Figures 4, S15 , and S16). Differential scanning calorimetry studies did not reveal glass transitions between 0 and 250 °C (Figures S17−S19). We speculate that the lack of observable glass transitions may be attributed to interdigitation of the alkyl chains present on the backbones of these polymers.
TGA data collected for copolymer 6F-[Co2(CO)6]2 showed its thermal stability up to 177 °C before decomposition occurred in two steps. The first decomposition occurred to a temperature of ca. 300 °C with an initial mass loss of ca. 20%. This mass loss accounts for the expulsion of the carbonyl groups present on the polymer backbone, which corresponds to 21% of the total polymer mass. The second step resulted in a further mass loss of 46% to a temperature of 490 °C, and was followed by a slow thermal degradation until a char yield of 50% was achieved at 800 °C (Figure 4 ). For comparison, the char yield observed for 6F was ca. 70%. Upon inspection of the TGA data for 6F and 6F-[Co2(CO)6]2, there were similar degradation features after the initial loss of the carbonyl groups once the thermal stability limit was reached at 316 °C. The DSC data for 6F-[Co2(CO)6]2 did not reveal a glass transition within the stability window of the polymer ( Figure S20 ).
Pre-Ceramic Properties
The interesting thermal decomposition characteristics and significant char yields (> 50%) observed for 6F and 6F-[Co2(CO)6]2 suggested the formation of potentially useful ceramic materials. Specifically, Ni/Co alloys were targeted due to their demonstrated utility as magnetic materials, 72 their use in catalysis, [73] [74] and their high charge capacity. 75 Thin-films of 6F and 6F-[Co2(CO)6]2, estimated to be approximately 5 μm thick ( Figure S21) , were created by drop-casting a 20 mg mL −1 solution of each polymer in chlorobenzene onto a silicon wafer. The loaded wafers were then dried overnight in a vacuum oven at 60 °C before the samples were heated to 800 °C at a rate of 
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10 °C min −1 and held at that temperature for an additional 3 h under a N2/H2 (95:5) atmosphere. Upon cooling, the samples were studied using scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) spectroscopy.
SEM images of the pyrolyzed films of 6F and 6F-[Co2(CO)6]2 are shown in Figure 5 . The micrographs of the nanomaterials derived from 6F show the presence of ill-defined nanoparticles within a porous matrix. Based on our EDX spectroscopy analysis we conclude that the nickel-rich nanoparticles are suspended in a porous and amorphous carbon matrix, presumably carbon black (Figures 5a, c) . Oxygen appeared throughout the film and was concentrated in metal-rich areas. Although the pyrolysis experiments were performed in the absence of oxygen, brief exposure likely led to the formation of a thin layer of nickel-oxide. The micrograph of the nanomaterials that resulted from the pyrolysis of 6F-[Co2(CO)6]2 showed a surface more densely populated with metallic nanoparticles within an amorphous carbon matrix (Figure 5b) . The nanoparticles were shown to be rich in cobalt and nickel (Figure 5d ), while the cobalt and nickel alloys appeared to be more susceptible to oxidation based on the elemental maps obtained (Figure 5d) . Furthermore, the ratio of cobalt to nickel (ca. 5.5:1) was measured by EDX spectroscopy, which deviated from the 4:1 ratio of metals present in 6F-[Co2(CO)6]2 ( Figure S22 ). Powder X-ray diffraction studies of the pyrolyzed thin-films of 6F and 6F-[Co2(CO)6]2 indicated the presence of amorphous materials, consistent with the morphologies observed using SEM. These studies demonstrated our ability, through post-polymerization functionalization, to control the ratio of metals present within the nanomaterials.
CONCLUSIONS
Nickel(II) complexes of Goedken's macrocycle bearing alkyne substituents were copolymerized with 2,7-dibromo-9,9-dihexylfluorene, 2,5-dibromo-3-hexylthiophene, and 1,4-dibromo-2,5-bis(hexyloxy)benzene via a microwave-induced Sonogashira cross-coupling reaction to produce copolymers 6F, 6T, and 6B. The copolymers exhibited high thermal stability (up to 300 °C) and two one-electron oxidation waves in their cyclic voltammograms. The spectroscopic properties of copolymer 6F were probed by comparison with model compounds 11 and 12, which provided insight into the observed spectroscopic properties for this family of copolymers. Specifically, the intermediate absorption maxima observed for the copolymers was shown to vary with the size and nature of the organic spacer within the polymer backbones. Post-polymerization functionalization via the alkyne synthetic handle present in 6F led to the production of heterobimetallic copolymers that produced interesting amorphous nanomaterials rich in nickel and cobalt upon pyrolysis, with metal content influenced by the structure of the polymer. 
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